A failure in the control of proliferation of cerebellar granule neuron precursor cells (GCPs), located in the external granular layer (EGL) of the cerebellum, gives rise to medulloblastoma. To investigate the process of neoplastic transformation of GCPs, we generated a new medulloblastoma model by crossing Patched1 heterozygous mice, which develop medulloblastomas with low frequency, with mice lacking the Tis21 gene. Overexpression of Tis21 is known to inhibit proliferation and trigger differentiation of GCPs; its expression decreases in human medulloblastomas. Double-knock-out mice show a striking increase in the frequency of medulloblastomas and hyperplastic EGL lesions, formed by preneoplastic GCPs. Tis21 deletion does not affect the proliferation of GCPs but inhibits their differentiation and, chiefly, their intrinsic ability to migrate outside the EGL. This defect of migration may represent an important step in medulloblastoma formation, as GCPs, remaining longer in the EGL proliferative niche, may become more prone to transformation. By genome-wide analysis, we identified the chemokine Cxcl3 as a target of Tis21. Cxcl3 is downregulated in Tis21-null GCPs of EGL and lesions; addition of Cxcl3 to cerebellar slices rescues the defective migration of Tis21-null GCPs and, remarkably, reduces the area of hyperplastic lesions. As Tis21 activates Cxcl3 transcription, our results suggest that Tis21 induces migration of GCPs through Cxcl3, which may represent a novel target for medulloblastoma therapy.
Introduction
Cerebellar granule neuron precursor cells (GCPs) intensely proliferate postnatally within the external granular layer (EGL), at the surface of the developing cerebellum (Hatten, 1999) . Proliferation of GCPs is triggered by Sonic Hedgehog (Shh), secreted by Purkinje neurons (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999) .
The prolonged mitotic activity of GCPs makes them potential targets of transforming insults (Wang and Zoghbi, 2001) . In fact, ϳ25% of medulloblastomas, the tumor of cerebellum and among the most common brain tumors in childhood, arises from GCPs (Kadin et al., 1970; Marino, 2005; Yang et al., 2008; Gibson et al., 2010) . Other medulloblastoma subtypes may originate from neural precursors of the cerebellar embryonic anlage, different from GCPs and dependent on Wnt signaling (Gibson et al., 2010; Hatten and Roussel, 2011) .
Inherited or sporadic mutations in the human Patched1 gene-which encodes the Shh receptor and functions as an inhibitor of the Shh pathway in the absence of the ligand-or the lack of one Patched1 allele in mice models, lead to the development of medulloblastomas, indicating that overactivation of the Shh pathway is important in the etiology of the tumor (Hahn et al., 1996 (Hahn et al., , 1998 Goodrich et al., 1997; Pietsch et al., 1997; Raffel et al., 1997; Wolter et al., 1997; Pomeroy et al., 2002; . The Shh-driven proliferation of GCPs in the EGL is maximal 1 week after birth, but after 3 weeks GCPs have differentiated and migrated from the EGL inwardly to the molecular layer (ML) and internal granular layer (IGL), their final destination (Hatten, 1999) . In contrast, at the same age, the EGL of Patched1 heterozygous mice presents clusters of highly proliferating GCPs. These anomalous GCPs, which differ from normal GCPs for their expression profile and for the additional loss of the wild-type Patched1 allele, can be considered a preneoplastic intermediate between GCPs and medulloblastoma cells [preneoplastic GCPs (pGCPs) ] (Goodrich et al., 1997; Kim et al., 2003; Oliver et al., 2005) . Within 3-6 months, in 15-25% of Patched1 heterozygous mice, the pGCPs will develop into larger lesions and then into tumors (Goodrich et al., 1997; Kim et al., 2003; Kessler et al., 2009) .
Tis21, also known as PC3 or BTG2 (in mouse, rat, and human, respectively), is a transcriptional cofactor that acts in cerebellar GCPs and in neural progenitor cells of different areas of the brain-such as the hippocampus and the subventricular zone-by inducing them to exit the proliferative state and differentiate (Canzoniere et al., 2004; Farioli-Vecchioli et al., 2008 . Tis21 inhibits the cell cycle in neural progenitor cells through direct repression of the cyclin D1 promoter and activates proneural genes through direct repression of the promoter of Id3, an inhibitor of proneural bHLH genes (Canzoniere et al., 2004; Farioli-Vecchioli et al., 2009) . Moreover, upregulation of PC3 (the rat homolog of Tis21) in pGCPs within the EGL of Patched1 heterozygous mice inhibits their proliferation and triggers their differentiation, highly reducing the incidence of medulloblastoma (Farioli-Vecchioli et al., 2007) .
Considering that Tis21 is downregulated in human medulloblastomas (Farioli-Vecchioli et al., 2007) , we asked whether the transformation of pGCPs is affected by a loss of the PC3-dependent control of proliferation and differentiation.
We found that genetic ablation of Tis21 greatly induced the frequency of medulloblastoma in Patched1 heterozygous mice without affecting the proliferation of GCPs, but reducing their differentiation. Chiefly, however, ablation of Tis21 impaired the process of migration from the EGL and lesions to the IGL. This migration defect appears to be dependent on Cxcl3, as it is rescued by this chemokine, and may play a critical effect on the conversion of pGCPs into tumor cells.
Materials and Methods
Mouse lines and genotyping. The Tis21 knock-out mice have been generated previously as described previously (Park et al., 2004) in C57BL/6 (B6) strain by replacing with the neomycin resistance cassette exon II of the Tis21 gene. Patched1 heterozygous mice (Ptch1 ϩ / Ϫ ) were generated in a CD1 background through disruption of exons 6 and 7 (Hahn et al., 1998) . Ptch1 Ϫ / Ϫ embryos die before E14. The crossing of Patched1 heterozygous with Tis21 Ϫ / Ϫ mice generated Patched1/Tis21 doublemutant mice that were interbred to obtain the genotypes studied; the progeny was made isogenic before starting any analysis, by further interbreeding for six or more generations.
Math1-green fluorescent protein mice (Math1-GFP) express GFP driven by the Math1 enhancer (Lumpkin et al., 2003) . Genotyping of Patched1/ Tis21 mice was routinely performed by PCR, using genomic DNA from tail tips. To identify mice carrying the Tis21 null or wild-type alleles, three pairs of primers were used, one complementary to the neo cassette and the others complementary either to exon I or to the targeted exon II, and were amplified together in the PCR to obtain different patterns of amplification specific for each allele: neo(Ϫ), 5Ј-GATGCCTGCTTGC-CGAATAT-3Ј; exI(ϩ), 5Ј-TCTCCAGTCCTCCTGAGGACT-3Ј; exII(Ϫ), 5Ј-GCCATCACATAGTTCTTCGAG-3Ј. Patched1 wild-type and Patched1-null alleles were identified by PCR using three pairs of primers complementary to the neo insert and wild-type regions of Patched1 knock-out mice, as described previously (Hahn et al., 1998; Farioli-Vecchioli et al., 2007) . Math1-GFP mice were crossed with Patched1/Tis21 double knock-out mice to obtain Ptch1 ϩ/ Ϫ /Tis21 ϩ/ Ϫ / Math1-GFP ϩ/Ϫ mice, which were interbred at least four times before further analysis, in this way generating the different genotypes under study. Genotyping of Math1-GFP pups was performed using a "GFP flashlight" (Nightsea) that made the GFP ϩ pups glow.
Experiments were performed with mice of either sex, and all animal procedures were completed in accordance with the current European (directive 2010/63/EU) Ethical Committee guidelines.
Tumor and lesion quantification and histological analysis. Mice were observed for symptoms of medulloblastoma daily for a period of 12 months. On the appearance of symptoms of medulloblastoma (head doming, hunched posture, preferential turning to one side, severe weight loss, paralysis, ruffling of fur, or inactivity), they were killed and autopsied. The cerebellar tumor was either snap frozen in liquid nitrogen for mRNA studies, or fixed in 4% paraformaldehyde (PFA) by immersion overnight, and then cryoprotected before sectioning in 30% sucrose in PBS-DEPC. Samples were then embedded in TissueTek OCT (Sakura Finetek), sectioned serially, and stained with hematoxylin/eosin to confirm by histological analysis that the necropsied brain tissue was medulloblastoma. Lesions were identified by visualizing the GFP ϩ proliferating GCPs in asymptomatic Ptch1 ϩ/ Ϫ / Tis21 Ϫ / Ϫ /Math1-GFP ϩ mice. Bromodeoxyuridine treatment of mice. GCPs entering in S-phase were visualized 1 h after an injection of bromodeoxyuridine (BrdU) (95 mg/ kg, i.p.), according to existing protocols (Canzoniere et al., 2004; Qiu et al., 2010) .
Immunohistochemistry: sample preparation, BrdU labeling, antibodies, and image analysis. Histology and immunostaining of sections, stained for multiple labeling and BrdU incorporation using fluorescent methods, was performed as described previously (Canzoniere et al., 2004; FarioliVecchioli et al., 2007) . Briefly, cerebella of P7 (i.e., 7 d of age) and P14 mice (for EGL or lesion analysis) were dissected out and fixed by immersion overnight in 4% PFA in PBS-DEPC, whereas cerebella of P42 and P84 mice (for lesion analysis) were dissected out after transcardiac perfusion with 4% PFA in PBS-DEPC and kept overnight in PFA. Fixed cerebella were cryoprotected before sectioning in 30% sucrose in PBS-DEPC overnight at 4°C and frozen at Ϫ80°C until use. Cerebella were then embedded in Tissue-Tek OCT (Sakura Finetek), and midsagittal sections of 20 m were cut on a rotary microtome. Lesion studies (proliferation, differentiation, apoptosis, migration, and volume quantifications) were performed on free-floating sagittal sections 40 m thick. BrdU incorporation was detected following pretreatment of sections to denature the DNA, with 2N HCl 45 min at 37°C and then with 0.1 M sodium borate buffer, pH 8.5, for 10 min. Primary antibodies used were a rat monoclonal antibody against BrdU (AbD Serotec; MCA2060; 1:150), a mouse monoclonal antibody raised against NeuN (Millipore Bioscience Research Reagents; MAB377; 1:100), a goat polyclonal antibody against NeuroD1 (R&D Systems; AF2746; 1:100), or rabbit polyclonal antibodies against cleaved (activated) Caspase-3 (Cell Signaling Technology; 9661; 1:100) or Cxcr2 receptor (Santa Cruz Biotechnology; 1:200) . Secondary antibodies used to visualize the antigen were either donkey anti-rat IgG tetramethylrhodamine isothiocyanate (TRITC)-conjugated (Jackson ImmunoResearch; BrdU), or donkey anti-rabbit TRITC-conjugated (Jackson ImmunoResearch; Caspase-3), donkey anti-goat Cy2-conjugated (Jackson ImmunoResearch; NeuroD1), or donkey anti-mouse Cy2-conjugated and Alexa 647-conjugated (Invitrogen; NeuN).
Images of the immunostained sections were obtained by laserscanning confocal microscopy using a TCS SP5 microscope (Leica Microsystems) and were analyzed by the I.A.S. software (Delta Sistemi).
Quantification of cell numbers in EGL and lesions. Quantifications of proliferating, differentiating, or apoptotic cells in the EGL were performed on five nonadjacent midsagittal sections at the midpoint of the fifth, seventh, and ninth folia of each section, analyzing five sections per mouse and three mice for each genotype. The EGL cell number was expressed as percentage ratio of proliferating (BrdU ϩ ), differentiating (NeuroD1 ϩ or NeuN ϩ ), or apoptotic (cleaved Caspase-3 ϩ ) cells, to the total number of cells (labeled by Hoechst 33258; 1 mg/ml in PBS), counted for the entire length of the EGL in each photomicrograph field, from digital images. BrdU ϩ , NeuroD1 ϩ , NeuN ϩ , or cleaved Caspase-3 ϩ cells in lesions were counted in the whole lesion area, defined by the presence of GFP ϩ cells, on at least five nonadjacent midsagittal sections per lesion. We examined all lesions present in each mouse analyzed, whose number for each genotype and time point is indicated in Figure 2 E.
Cell migration assays, layer areas, lesion areas, and volumes. In experiments of migration from the EGL, the number of BrdU-labeled cells in each defined layer (i.e., EGL, ML, or IGL) was counted as percentage of total BrdU-labeled cells in all three layers, in five nonadjacent midsagittal sections at the midpoint of the fifth, seventh, and ninth folia. Three mice per genotype were analyzed. Similarly, in experiments of migration from lesions, the number of BrdU-labeled cells was counted in each defined layer neighboring the lesion (i.e., ML and IGL) as percentage of total BrdU-labeled cells present in the lesion and layers, in three nonadjacent sagittal sections per lesion.
Planimetric measurements of the EGL, ML, or IGL and lesion area were performed for the whole length of the layer or for the whole extension of the lesion in each (5ϫ) photomicrograph field. The area was obtained by tracing the outline of the whole layer or lesion on a digital picture captured and measured using the I.A.S. software (Delta Sistemi).
The volume of each lesion was calculated multiplying the average lesion area by section thickness and by number of sections in which the lesion was observed.
Isolation of cerebellar granule progenitor cells (from EGL and lesions).
GCPs were isolated from cerebella of P7 mice or of P7 Wistar rats following a described procedure, consisting in the enzymatic digestion of cerebella chopped into small pieces, followed by separation onto a step gradient of 35 and 65% Percoll and then by depletion of adherent cells with two consecutive incubations on tissue culture dishes (WechslerReya and Scott, 1999) .
Organotypic slice cultures (BrdU labeling, retroviral infection, and immunostaining) . Slices were taken and cultured following the methods of Stoppini et al. (1991) and Polleux et al. (1998) . Briefly, the brains of P7 pups from the different genotypes were isolated under aseptic condition following decapitation, the meninges were removed, and the cerebellum was isolated from the rest of the brain. Cerebella were cut on a McIlwain tissue chopper into 350-m-thick parasagittal slices. After cutting, slices were washed in calcium-and magnesium-free HBSS with 36 mM glucose and 15 mM HEPES, pH 7.4, for 30 min at 4°C, carefully separated, and transferred to 23-mm-diameter semiporous membrane culture inserts with a 0.4 m pore size (Falcon cell culture inserts; BD Biosciences Discovery Labware) with culture medium containing DMEM/Ham's F-12 with N2 supplement (Invitrogen), 20 mM KCl, 36 mM glucose, and penicillin-streptomycin.
For migration experiments, slices were cultured for 120 h with 100 ng/ml Cxcl3 (R&D Systems) or with vehicle (PBS, 0.1% BSA) alone, and the medium was replaced every 48 h. To label and subsequently track migrating cells from EGL, cultures were pulse-labeled with BrdU (10 g/ml; Sigma-Aldrich) added at t0 for 18 h. In experiments of retroviral infection with the cDNA sequence of Tis21, organotypic slices were infected by adding directly onto the slice the volume of viral stock (pCAGTomato-Tis21 retrovirus) corresponding to 1.4 ϫ 10 6 TU (Boukhtouche et al., 2006) , pulsed the day after with 10 g/ml BrdU for 6 h, and cultured for an additional 72 h. For each animal, one-half of the cerebellar slices served as control and were infected with pCAG-Tomato-empty virus and the other one-half with pCAG-Tomato-Tis21. At the end of each experiment, slices were fixed in 4% PFA and immunostained. For proliferation and differentiation experiments, slices were cultured for 48 h with 100 ng/ml Cxcl3 (R&D Systems) or with vehicle alone (PBS, 0.1% BSA); after a 2 h pulse with BrdU, slices were fixed and analyzed for incorporation of BrdU and expression of NeuroD1 or NeuN. For retroviral experiments, a goat polyclonal DsRed antibody (Santa Cruz) was used at 1:100 in 5% normal donkey serum overnight at 4°C.
In vitro migration assay. The migration of GFP ϩ GCPs purified from GFP P7 mice was measured using poly-D-lysine-coated membranes (0.1 mg/ml; Sigma-Aldrich) with 8 m pore size (0.3 cm 2 ) in modified Boyden chambers as previously described . To obtain GCPs, cerebella were removed, chopped into small pieces, and resuspended in HBSS Ca-Mg-free with 0.5 mM EDTA through Pasteur pipettes of two sequentially decreasing bore size (10 times each). The cell resuspension was then passed through a 30 m cell strainer (BD Biosciences). The filtrate was centrifuged at 200 ϫ g to sediment the dissociated cells, resuspended in 200 l of PBS with 5 mM EDTA, and separated by fluorescence-activated cell sorting (FACS) on a MoFlo high-speed cell sorter (Beckman Coulter). Isolated GCPs were resuspended in 200 l of DMEM/Ham's F-12 with 1% fetal bovine serum and directly seeded (1 ϫ 10 5 ) onto the membrane filter in the upper chamber (BD Biosciences; 353182). In the lower chamber, medium with 5% fetal bovine serum was added in order to establish a 1-5% serum gradient. After 16 h at 37°C in 5% CO 2 , cells were removed from the upper membrane using cotton swab and washing twice with PBS. The cells on the lower surface were fixed in 4% PFA, stained with Hoechst 33258, and counted by confocal microscopy. Twenty randomly chosen high-magnification fields were counted in each well; three experiments were performed.
Design of small interference RNAs and transfection of GCPs. Several 19 nt small interference RNAs (siRNAs) specific to Cxcl3 were designed by the on-line Design Tool software (MWG); two of them (siRNA7-Cxcl3 and siRNA6-Cxcl3, the latter specific to both mouse and rat sequences) were selected for their ability to inhibit Cxcl3 expression. GCPs were transfected immediately after the preparation of the cell suspension from P7 rat cerebella, according to a described protocol (Zhokhov et al., 2008) . For this procedure, we used an electroporation-based Amaxa Nucleofector technology (rat neuron nucleofection kit; Amaxa Biosystems). The siRNA7-Cxcl3 sequence was 5Ј-ACAAGGTCGTCTCAGTGTA-3Ј; the siRNA6-Cxcl3 sequence was 5Ј-CAACTCCTGAGA GTTCATA-3Ј; the control siRNA was from the luciferase gene, 5Ј-CTTACGCTGAGT ACTTCGA-3Ј. For each transfection procedure, 6 ϫ 10 6 GCPs were centrifuged for 2 min at 100 ϫ g and then resuspended in 100 l of transfection buffer; 15 g of either siRNA7-Cxcl3 or siRNA6-Cxcl3, or of siRNA-control, previously dissolved in the same buffer, was then added. Transfection was performed in cuvettes part of the kit. Transfected GCPs were suspended in DMEM with 10% fetal bovine serum and plated in uncoated 35 mm dishes for 3 h under gentle agitation, then resuspended in DMEM/Ham's F-12 with 1% fetal bovine serum and seeded onto the membrane filter of the modified Boyden chamber for migration analysis for 16 h, as described above (see In vitro migration assay). Alternatively, transfected GCPs were plated in coated dishes for 4 h, and then the medium was replaced with serum-free DMEM/Ham's F-12 with N2 supplement, and after 16 h, GCPs were analyzed for differentiation or collected for RNA analysis.
Transfection of cerebellar slices. Cerebellar slices were isolated from P7 mice and incubated for 4 h onto semiporous membrane, as described previously [see above, Organotypic slice cultures (BrdU labeling, retroviral infection, and immunostaining)]. siRNA targeting Cxcl3 (siRNA6-Cxcl3) or siRNAcontrol was incubated for 20 min with 8 l of Lipofectamine 2000. The medium of cerebellar slices was then substituted with the transfection mixture added to serum-free N2 medium with 20 nM final concentration of each siRNA (1.5 ml total volume, 1 ml at bottom of cultures, 0.5 ml at top of slices). After 16 h, the siRNA-containing medium was replaced with regular serum-free N2-supplemented medium containing BrdU, replaced again after 6 h with medium without BrdU, and left for 72 h. Then the percentage of GCPs migrated out of EGL (BrdUϩ) was determined.
DNA constructs and retrovirus production. The retroviral vector pCAG-IRES-tdTomato, kindly provided by Dr. Mu-ming Poo (University of California, Berkeley, Berkeley, CA) (Cancedda et al., 2007) , was used to express the cDNA of Tis21 (i.e., the murine sequence) only in dividing GCPs. The full open reading frame of Tis21 cDNA was cloned in the sites XhoI-5Ј/SmaI-3Ј of pCAG-IRES-tdTomato, obtaining pCAG-IRES-tdTomato-Tis21. The construct was checked by DNA sequencing.
Retroviruses were propagated as previously described (FarioliVecchioli et al., 2008) .
RNA extraction, real-time RT-PCR. Total RNA, extracted from GCPs and reverse-transcribed as described previously (Guardavaccaro et al., 2000) , was analyzed by real-time RT-PCR amplification, using TaqMan probe-based fluorogenic 5-nuclease chemistry in duplicate samples and a 7900HT System (Applied Biosystems). The mRNA relative expression values, obtained by the comparative cycle threshold method (Livak and Schmittgen, 2001) , were normalized to endogenous controls TATAbinding protein and GAPDH. Statistical analysis of mRNA expression values was performed by Student's t test on data normalized to the en-dogenous controls but not relativized in fold expression of the calibrator sample. Specific real-time RT-PCR primers were designed by the software Beacon Designer 7.1 (Premier Biosoft International); their sequence is available on request.
Microarray analysis. Genome-wide expression analysis of GCPs isolated from the EGL of P7 mice was performed with Whole Mouse Genome Microarrays (Agilent Technologies). Significant changes in gene expression were identified when comparing Tis21-null and Tis21 wild-type mice, either in Patched1 wildtype background (Ptch1
ϩ /ϩ (n ϭ 4), and Ptch1
(n ϭ 4) mice with Trizol (Invitrogen), RNA integrity was confirmed by using a RNA chip and a 2100 Bioanalyzer (Agilent Technologies) with the protocol outlined by the manufacturer. cRNAs labeled with Cy3-CTP were synthesized from 1 g of total RNA of each sample using the Low Input Quick Amp Labeling Kit (Agilent Technologies) following the manufacturer's protocol. A reference cRNA, labeled with Cy5-CTP was synthesized from 1 g of RNA from adult mouse brain. Aliquots (750 ng) of Cy3-and Cy5-labeled cRNA targets were cohybridized on Whole Mouse Genome Microarrays (Design ID 014868; Agilent Technologies). Microarray hybridization and washing were performed using reagents and instruments (hybridization chambers and rotating oven) as indicated by the manufacturer (Agilent Technologies). Microarrays were scanned at 5 m resolution using a GenePix Personal 4100A microarray scanner and the GenePix Pro 6.0 acquisition and data extraction software (Molecular Devices). Raw data were processed and analyzed by GeneSpring 11.5.1 (Agilent Technologies). Raw signal values were thresholded to 1, log 2 transformed, normalized to the 50th percentile, and baselined to the median of all samples. Genes with a corrected p value of Ͻ0.05 (one-way ANOVA followed by the Benjamini and Hochberg false discovery rate and the Tukey's post hoc test) were considered differentially expressed. Chromatin immunoprecipitation. Primary cultures of cerebellar postmitotic granule neurons from Wistar P7 rats were prepared and infected with adenoviruses expressing Tis21 (rat sequence) or ␤-galactosidase (␤-Gal) as previously described (Canzoniere et al., 2004; Farioli-Vecchioli et al., 2007) . Chromatin was released from nuclear preparations of cerebellar granule neurons infected with adeno-Tis21 or adeno-␤-Gal by digestion at 37°C with micrococcal nuclease (to obtain fragments of predominantly one to five nucleosomes) and immunoprecipitated with anti-Tis21 antibody as previously described (O'Neill and Turner, 1995; FarioliVecchioli et al., 2009 ). Approximately 4 ϫ 10 7 cerebellar granule neurons were used for each immunoprecipitation, either with anti-Tis21 A3H antibody or with normal rabbit serum as control. Alternatively, an equivalent number of rat GCPs were used for chromatin immunoprecipitation (ChIP) assays, isolated as described above. The immunoprecipitated DNA and 1/200 dilution of the input DNA were quantified in triplicate samples by real-time PCR using the 2 ϪCt formula. The DNA immunoprecipitated by immune serum and by normal rabbit serum was calculated as input percentage for each cell treatment. Input percentage is the ratio of the average value of the DNA detected in immunoprecipitated samples to the average value of the DNA present in input lysates (Heard et al., 2001) . The amount of DNA promoter immunoprecipitated was finally expressed as fold enrichment (ratio of input percentage of DNA immunoprecipitated by A3H antibody to input percentage of DNA immunoprecipitated by normal rabbit serum). PCR primers used to amplify were as follows: (1) Cxcl3 promoter region 170 nt before transcription start, 5Ј-TTCTTCTGACACAGGGAC-3Ј,5Ј-ATACATGATGGCTG GAAGA-3Ј; (2) muscle creatine kinase promoter region 340 nt before transcription start, 5Ј-GGCTGAGGGCAGGCTGTAAC-3Ј, 5Ј-GGGTCAGTAATACTCTGGGTGTCC-3Ј.
In situ hybridization. Preparation of sections and hybridization were performed as previously described (Canzoniere et al., 2004) . Antisense riboprobes detecting mouse Cxcl3 and Tis21 mRNAs were synthesized by T7 polymerase from the 3Ј-UTR region of mouse Cxcl3 and Tis21 cDNAs (a 300-bp-long sequence part of the fourth exon of the Cxcl3 gene and a 350-bp-long sequence within the second exon of the Tis21 gene, chosen for the absence of any cross-homology). The Cxcl3 and Tis21 cDNA probes had been previously cloned into the pcDNA3 vector in the NotI site and were checked by sequencing. Riboprobes were labeled with digoxigenin-UTP (transcription kit; Roche), according to the protocol of the manufacturer. No signal was detected by sense probes.
Cxcl3 promoter activity. Postmitotic cerebellar granule neurons, or the tet-off PC12 cell line expressing a doxycycline-regulated Tis21 cDNA (rat sequence) (Farioli-Vecchioli et al., 2009) , were seeded in 35 mm poly-lysinecoated dishes (2 ϫ 10 6 or 5 ϫ 10 5 cells per dish, respectively). The following day, cerebellar granule neurons were transfected with a vector expressing Tis21 (rat sequence, pSCT-Tis21) (Guardavaccaro et al., 2000) and with the pGL3-Cxcl3-prom/-628 reporter construct using the Lipofectamine reagent and were harvested after 48 h. PC12 cells were transfected only with the pGL3-Cxcl3-prom/-628 reporter, and Tis21 expression was activated by removing doxycycline from the medium. Luciferase assays were performed by the Dual-Luciferase reporter assay system (Promega) according to the manufacturer's instructions and as previously described (Canzoniere et al., 2004) . Luciferase activities were measured in luciferase units per microgram of protein normalized to the activity of the coreporter pRL-TK present in each extract, as a measure of the efficiency of transfection. The pGL3-Cxcl3-prom/-628 construct had been generated by cloning the PCR-amplified region of the rat Cxcl3 promoter (628 nt before transcription start), using genomic rat DNA as template, in the 5Ј-SacI-3Ј-BglII site of pGL3-basic. The construct was checked by sequencing.
Results

Tis21 ablation facilitates tumorigenesis
Patched1 heterozygous mice (Ptch1 ϩ / Ϫ ), with low frequency, develop spontaneous medulloblastoma from pGCPs clustering in the EGL (Kessler et al., 2009) . To test whether the tumorigenicity of pGCPs is affected by ablation of Tis21, we analyzed the frequency of medulloblastomas developed during 1 year of life in Ptch1 ϩ / Ϫ mice crossed with Tis21 knock-out mice. We observed that, while Ptch1
WT mice developed medulloblastoma with a frequency of 25.3%, double-mutant mice, either Ptch1
KO mice, obtained by interbreeding for at least six generations the progeny of Patched1 heterozygous and Tis21 knock-out mice, were then monitored for the onset of medulloblastoma; p Ͻ 0.0001 vs Ptch1
WT , 2 test (Table 1) .
, showed a significantly higher incidence of medulloblastoma [i.e., 80% ( p Ͻ 0.0001) and 75.9% ( p Ͻ 0.0001), respectively] (Fig. 1, Table 1 ). Unexpectedly, however, the average tumor latency was significantly longer in double-mutant than in Ptch1
WT mice (Table 1) . No tumors developed in Ptch1
ϩ /ϩ mice (hereafter referred to as Tis21 KO and Tis21 WT ; Table 1 ). Therefore, the ablation of one or both alleles of Tis21 appears to strongly favor tumorigenesis in Ptch1 ϩ / Ϫ pGCPs. To investigate such a Tis21-dependent effect, we analyzed key cellular parameters of the pGCPs resident within the lesions (i.e., proliferation, differentiation, viability, and migration).
Patched1 heterozygous mice at P14 present lesions, characterized by thicker EGL regions, expanded as nodular formations inside the cerebellar lobules and containing highly proliferating pGCPs. These lesions are defined hyperplastic EGL remnants or focal hyperplasias if comprising Ͼ30 pGCPs, or diffuse hyperplasias when including Ͼ5000 cells (Kim et al., 2003; Thomas et al., 2009) . Focal hyperplasias are frequent at P14, but starting from P21 they begin to disappear, being substituted by larger diffuse hyperplasias, which indicates the occurrence of a selection of pGCPs into tumor cells (Kim et al., 2003; Thomas et al., 2009 ).
Thus, we analyzed the early hyperplasia lesions at P14, when normal GCPs in the EGL are two to three layers thick, having almost completed their migration within the IGL, and the remaining clusters of GCPs can be considered preneoplastic. We also analyzed lesions at 6 and 12 weeks, whentheEGLhasdisappearedandtheexternalcerebellumcontainsfoci of ectopic pGCPs (Oliver et al., 2005) .
To identify pGCPs in focal and diffuse hyperplasia lesions, double-mutant Ptch1
KO mice were crossed with Math1-GFP transgenic mice (hereafter referred to as GFP) (Lumpkin et al., 2003) , carrying the GFP transgene under control of the enhancer of Math1, a transcription factor expressed in proliferating, normal, preneoplastic, and tumor GCPs (Ben-Arie et al., 2000; Kim et al., 2003; Oliver et al., 2005) . We verified that the progeny of Ptch1
KO double mutants crossed with GFP mice presented frequency and volumes of lesions and proliferative parameters of pGCPs equivalent to those of double mutants not crossed with GFP mice (data not shown).
We observed that the percentage of Ptch1
KO /GFP mice with focal or diffused hyperplasia lesions ranged between 100 and 80% at 2, 6, and 12 weeks after birth, whereas that of Ptch1
WT /GFP mice was significantly lower at 2 weeks (60%) and decreased to 20% within 12 postnatal weeks (Fig.  2 A, B ; Ptch1
WT /GFP; p ϭ 0.02 and p ϭ 0.03 in 2-and 12-week-old mice, respectively). Interestingly, the percentage of mice with lesions at 12 weeks matched exactly in both genotypes the percentage of mice developing medulloblastoma (Fig. 2 B, Table 1 ), indicating that lesions present at 12 postnatal weeks are irreversible. Furthermore, we observed that the number of hyperplasia lesions per mice was significantly higher in Ptch1
KO /GFP mice at 2 and 6 weeks of age, although this number progressively decreased, matching, at 12 weeks, that observed in Ptch1
WT /GFP mice ( Fig. 2 A, C ; Ptch1
WT / GFP; p ϭ 0.006 and p ϭ 0.02 in 2-and 6-week-old mice, respectively). In both genotypes, we observed a progressive increase of lesion volume through successive ages; at 2 weeks of age, however, lesion volumes were significantly greater in double mutants than in Patched1 heterozygous mice (Fig. 2 A, D ; Ptch1
WT /GFP; p ϭ 0.007; the number of mice analyzed in Fig. 2 B-D is shown in Fig. 2 E) .
As a whole, these results suggested that, in Ptch1
KO double-mutant mice, pGCPs were more prone to cluster in lesions and expand into tumors, although with a longer latency than in Patched1 heterozygous mice. We reasoned that the higher incidence of tumors observed in double mutants could depend on the greater frequency and persistence of lesions. To better understand this aspect, we analyzed pGCPs inside lesions, whose area was visualized by the presence of GFP ϩ cells. We measured the proliferation rate of pGCPs through BrdU incorporation after a pulse of 1 h, their differentiation, by labeling pGCPs with the neural markers NeuroD1 and NeuN, and their survival. No significant differences were detected between Ptch1
KO /GFP and Ptch1
WT / GFP mice in the number of either BrdU ϩ , NeuroD1 ϩ , or NeuN ϩ cells present within the GFP ϩ lesion area, at 2, 6, or 12 weeks of age (data not shown). Conversely, we observed a significant increase of apoptosis at 6 weeks of age in Ptch1
WT /GFP mice, as determined by counting the number of cleaved Caspase-3 ϩ cells per lesion area (Fig. 3 A, B ; p ϭ 0.01). Then, we measured the percentage of pGCPs migrated outside lesions by labeling proliferating pGCPs in mice of 2 and 6 weeks of age with a pulse of BrdU, and following their migration to the ML and IGL over the next 5 d. An evident reduction (Ͼ40%) in the percentage of BrdU ϩ pGCPs migrated from the lesion to both the ML and IGL was observed in Ptch1
KO /GFP mice at either 2 or 6 weeks of age ( Fig.  3C-E 
WT /GFP mice, ML: p ϭ 0.007 at 2 weeks, p ϭ 0.03 at 6 weeks of age; IGL: p ϭ 0.007 at 2 weeks, p ϭ 0.02 at 6 weeks of age). As a whole, these data indicate that ablation of Tis21 impairs the migration of pGCPs outside lesions and suggest that this defect, by delaying the disappearance of lesions from the proliferative area at the surface of cerebellum, favors their conversion into medulloblastoma.
Tis21 ablation inhibits differentiation and migration of GCPs
Having analyzed the pGCPs inside hyperplastic lesions, we sought to define whether the genetic ablation of Tis21, alone (Tis21 KO mice) or combined with that of one Patched1 allele (Ptch1
KO mice), affected the proliferation and differentiation of GCPs in lesion-free areas of the EGL at P7 and P14. These stages precede or correspond to the initial formation of focal hyperplasia lesions, respectively.
At P7-the age of highest expansion of GCPs-the percentage of proliferating GCPs, identified by incorporation of BrdU after (Fig. 4 A, B) . Similar results were obtained at P14 (Fig. 4 B) . This indicates that the absence of Tis21 does not affect the proliferation rate of GCPs. Consistently, in GCPs isolated at P7, the absence of Tis21 did not affect cyclin D1 mRNA levels (Fig. 4C) . This was unexpected, considering that Tis21 exerts an antiproliferative action through inhibition of cyclin D1 when overexpressed in GCPs (Farioli-Vecchioli et al., 2007) .
Next, we analyzed the differentiation of GCPs in the EGL by labeling GCPs with the neural markers NeuroD1 and NeuN at P7 and P14, respectively. NeuroD1 labels recently differentiated postmitotic GCPs of the inner EGL and is required for their differentiation (Miyata et al., 1999) , while NeuN marks postmitotic differentiated granule neurons (Weyer and Schilling, 2003) . At P7, the percentage of NeuroD1-positive GCPs in Tis21 KO mice was significantly lower (25% decrease) than in Tis21 WT mice; Ptch1
KO and Ptch1
WT mice presented equivalent percentages (Fig. 5 A, C 
/Tis21
WT , p ϭ 0.1). No differences between groups were observed in NeuroD1 expression at P14 (Fig. 5C) . However, the ablation of Tis21 induced a decrease of GCPs positive for the late differentiation marker NeuN at P14, in both Tis21 KO and Ptch1 
WT , p ϭ 0.003 and p ϭ 0.002, respectively). Together, these findings indicate that the ablation of Tis21 can impair both the early and late differentiation.
Next, we measured the migration of GCPs from lesion-free areas of the EGL, by labeling them at P7 with a pulse of BrdU and analyzing their migration after 42 h or after 5 d. As shown in Figure 6 , A and C, in Tis21-null mice (Tis21 KO or Ptch1
KO ), a significantly lower percentage of BrdU-labeled GCPs migrated in the ML and in the IGL after 42 h (Fig. 6 A, C 
WT , p Ͻ 0.0001; both in ML and IGL). Consistent with the reduced migration outside the EGL, an increase up to 1.5-fold of BrdU-labeled GCPs was observed in the EGL of Tis21 KO mice, either Patched1 wild-type or heterozygous (Fig. 6 A, C 
WT , p Ͻ 0.0001). The decreased migration of GCPs in the ML and IGL was specifically associated to the ablation of Tis21, as Ptch1
WT mice did not show any decrease in migration of GCPs when compared with Tis21 WT ( Fig. 6C ; p Ͼ 0.05 in ML and IGL). Moreover, 5 d after labeling (at P12), the majority of BrdUlabeled GCPs had migrated outside the EGL in all groups, to reach their final destination, the IGL (Fig. 6 B, D) . However, in Ptch1
KO mice, a twofold higher percentage of GCPs was still present in the EGL and a lower percentage had migrated to the ML (Fig. 6 B, D ; Ptch1
WT , p ϭ 0.02 in ML), suggesting that the defect in migration persisted longer if the mutation of Tis21 was associated with that of Patched1. Furthermore, we found no defect in Tis21-null mice, either Patched1 wild-type or heterozygous, in the organization of the Bergmann radial glia, detected by GFAP, which guides granule cell migration (Hatten, 1999) (data not shown).
We also evaluated the survival of GCPs in the EGL at P7 and P14, and found no significant changes in the percentage of GCPs undergoing apoptosis between the four different genotypes studied, as detected by positivity to cleaved Caspase-3 (data not shown).
As the ablation of Tis21 caused a defective migration of GCPs evident not only in EGL but also in hyperplastic lesions, while differentiation in lesions was normal, we decided to further investigate the migration of GCPs by analyzing organotypic cerebellar slice cultures.
Indeed, a defective migration out of the EGL was observed in BrdU-positive GCPs of organotypic slices from Tis21-null mice, either Patched1 wild-type or heterozygous, compared with Tis21 wild-type mice (Fig. 7 A, B 
WT , p Ͻ 0.0001). We further sought to test whether, either in the presence or in the absence of activated Shh signaling, GCPs lacking Tis21 presented a migration defect per se. To this aim, we analyzed the ability of puri- 
WT /GFP) or Tis21-null (Ptch1
KO /GFP) at 6 weeks of age. Preneoplastic GCPs in the lesion are GFP ϩ ; the ML and its boundaries are visualized by Hoechst 33258 staining. Scale bar, 50 m. B, Apoptotic GCPs per lesion area were quantified as mean Ϯ SEM/mm 2 of cleaved Caspase-3 ϩ cells in the whole area of the lesion (defined by the presence of GFP ϩ cells), on at least five nonadjacent sagittal sections for each lesion. The number of mice analyzed is indicated in Figure 2 E. C, D, Representative confocal images of GCPs migrating outside the lesions, identified as BrdU ϩ cells (red), in Patched1 heterozygous mice either Tis21 wild-type (Ptch1
KO /GFP) at 2 or 6 weeks of age. Sections are counterstained with Hoechst 33258 to visualize the ML or the IGL. Lesions in boxed area of top panels (scale bars, 410 m) are shown at higher magnification in panels below (scale bars, 100 m). E, GCPs migrating from lesions were quantified as mean Ϯ SEM percentage ratio of BrdU ϩ cells present within the ML or the IGL area neighboring each lesion 5 d after the BrdU pulse, to the total number of BrdU ϩ cells in lesion, ML and IGL. Three 2-week-old mice per genotype and at least four 6-week-old mice per genotype were analyzed. In B and E were analyzed all lesions present in each mouse cerebellum. *p Ͻ 0.05 or **p Ͻ 0.01, Student's t test.
fied GCPs-isolated at P7 as GFP ϩ cells by FACS-to migrate in a modified Boyden chamber, as previously described ). Briefly, a membrane filter with uniform pore size divides upper and lower chambers. GCPs are seeded in the upper chamber, and the number of those that have migrated to the lower surface of the filter is determined. The number of Ptch1
KO /GFP doublemutant GCPs that migrated to the lower chamber was significantly lower than that of Ptch1
WT /GFP GCPs ( Fig. 7C ; 32% decrease; p Ͻ 0.0001). A quantitatively similar decrease of migration was observed also in GCPs of Tis21-null Patched1 wild-type mice ( Fig. 7C ; Tis21 KO /GFP vs Tis21 WT /GFP; p Ͻ 0.0001). This indicates that the ablation of Tis21 has an effect on the intrinsic ability of GCPs to migrate, both in the presence or absence of activated Shh signaling.
Moreover, when we infected organotypic cerebellar slices from Tis21-null mice, either Patched1 wild-type or heterozygous, with a retrovirus expressing Tis21 and the Tomato red fluorescent protein, the defective migration of GCPs was significantly rescued ( Fig.  7D-G 
Tis21 knock-out/medulloblastoma-specific gene expression
To start investigating the molecular mechanisms underlying the complex phenotype observed in Tis21-null cerebellum, by realtime PCR we analyzed the expression levels of components of three main pathways known to regulate migration of cerebellar . Three mice for each genotype were analyzed. C, Real-time PCR analysis in isolated GCPs from P7 mice of mRNA fold expression relative to wild-type mice (set to unity). Mean Ϯ SEM fold increases are from three independent experiments. TBP and GAPDH were used to normalize data.
neurons, namely BDNF and its receptor TrkB (Borghesani et al., 2002; Kokubo et al., 2009) , astrotactin1/astrotactin2 (Wilson et al., 2010) , and neuregulin and its receptor Erb4 (Rio et al., 1997) . However, we could not detect significant changes of these mRNAs in GCPs isolated from P7 mice, either double mutant or Patched1 wild-type/Tis21-null, compared with the respective Tis21 wild-type controls (data not shown). Therefore, we performed a genome-wide mRNA analysis by microarray in GCPs isolated from the EGL of P7 mice. We compared gene expression between Tis21-null and Tis21 wild-type mice, either in Patched1 wild-type background (Tis21 KO vs Tis21 WT ) or in Patched1 heterozygous background (Ptch1
WT ). We assumed that genes whose expression was significantly modified only in the first comparison may be related to Tis21 knock-out non-tumor-specific cerebellar phenotypes, while genes significantly modified in the second comparison (or in both comparisons) may be specifically involved in the Tis21 knock-out-dependent enhancement of medulloblastoma formation. In this way, we identified 344 differentially expressed genes, of which 179 were Tis21 knock-out-specific and 165 medulloblastoma-specific (Fig. 8 A, B) . A comprehensive picture of these transcriptional changes is shown with a hierarchical clustering method (Fig. 8 B) , in which the 344 genes are grouped on the basis of similarity in their expression patterns. Among these, we identified 11 Tis21 knock-out-specific and 22 medulloblastoma-specific genes known to be involved in the processes of migration, neurogenesis, differentiation, or cell adhesion and motility, as defined by gene ontology annotations (Fig.   8C,D) . Among the 22 medulloblastoma-specific genes, 5 of them showed concordant expression changes also in Patched1 wildtype background (Tis21 KO vs Tis21 WT ) and have been previously associated to the neuronal phenotype. These genes are the chemokines Cxcl3 and Cxcl12 (de Haas et al., 2007) , Pag1 (Feng et al., 2009; Georgakopoulos et al., 2011 ), Efna4 (Wilkinson, 2001 , and Jmy (Coutts et al., 2009; Zuchero et al., 2009) . Their expression changes were validated by real-time PCR in GCPs from the EGL of P7 mice (Fig. 8 E) . All these genes showed significantly different expression in double-mutant mice compared with Patched1 heterozygous mice, thus matching the microarray results, with Cxcl3 showing the highest decrease (ϳ45%;
WT , p ϭ 0.003). Remarkably, in pGCPs isolated from diffused lesions in 6-week-old double-mutant mice as GFP ϩ cells by FACS, Cxcl3 expression almost disappeared (95% decrease; p ϭ 0.0007; Fig. 8 E) , while the other genes did not differ (data not shown).
Cxcl3 counteracts the GCPs migration defect and reduces the lesion area
To investigate the functional implications of Cxcl3 downregulation, we tested the ability of Cxcl3 to revert the defective migration of Tis21-null GCPs. To this end, we treated organotypic cerebellar slices from Tis21-null mice at P7, either Patched1 wildtype or heterozygous, with the Cxcl3 recombinant protein for 5 d. We observed that Cxcl3 significantly neutralized the defect of migration of GCPs from the EGL, as indicated by the percentage of BrdU ϩ GCPs migrated out of EGL (Fig. 9 A, B ; with Cxcl3 vs without: in Tis21 KO mice, p ϭ 0.001, or in Ptch1
In particular, in double-mutant mice, Cxcl3 induced ϳ75% of GCPs to migrate outside the EGL (i.e., nearly attaining the basal level of migration observed in wild-type mice) (Fig. 7B) . Additionally, we checked whether Cxcl3 treatment affected the proliferation or differentiation of GCPs, by analyzing them in the EGL of cerebellar slices obtained from P7 mice of the four genotypes under study, exposed to the Cxcl3 protein for 48 h. GCPs treated with Cxcl3 did not present significant differences of proliferation, as defined by the percentage of BrdU ϩ cells after a 2 h pulse, or differentiation (NeuroD1 ϩ and NeuN ϩ cells), relative to untreated control slices (Fig. 9C) . We further sought to test whether the positive effect of Cxcl3 on the migration of GCPs was cell autonomous or whether it was indirect. To this aim, we silenced Cxcl3 in preparations of purified GCPs from P7 wild-type rats, by transfecting two specific siRNAs interacting with Cxcl3 mRNA, siRNA7-Cxcl3 or siRNA6-Cxcl3. These were selected between several 19 nt candidate sequences targeting Cxcl3 designed by the MWG Design Tool software (MWG), as sequences capable to reduce the levels of Cxcl3 mRNA, relative to control GCPs transfected with a control siRNA targeting the luciferase gene (Fig. 9D, right ; siRNA7-Cxcl3, p ϭ 0.0001; siRNA6-Cxcl3, p ϭ 0.002). A significantly lower number of GCPs transfected with either siRNA7-Cxcl3 or siRNA6-Cxcl3 were able to migrate to the lower part of a modified Boyden chamber, compared with GCPs transfected with siRNA-control ( Fig. 9D, left ; p ϭ 0.002 or p ϭ 0.006, respectively). A parallel analysis of the state of differentiation of the same preparations of GCPs, either silenced for Cxcl3 or control, did not show differences in the percentage of expression of NeuN (63.8 Ϯ 2.2 for GCPs transfected by siRNA7-Cxcl3, 61.9 Ϯ 1.1 for siRNA6-Cxcl3, and 62.9 Ϯ 3.2 for siRNA-control; three independent experiments of isolation and transfection of GCPs). Similarly, cerebellar slices from P7 wild-type mouse transfected with siRNA6-Cxcl3 presented a lower number of GCPs migrated out of EGL, relative to GCPs transfected with siRNAcontrol (data not shown). Therefore, these data indicate that Cxcl3 plays a cell-autonomous role required in the migration of the GCPs out of the EGL.
Having ascertained this, we further analyzed the effect of Cxcl3 on GCPs within lesions. Remarkably, at P30, 5 d of treatment with Cxcl3 significantly reduced the area of lesions in slices (Fig. 9 E, F ; Cxcl3 day 0 vs day 5, in Ptch1
KO /GFP mice, p ϭ 0.003) and, correspondingly, significantly reversed the defect of migration of pGCPs (labeled by BrdU ϩ ) outside lesions (Fig.  9 E, G; with Cxcl3 vs without, in Ptch1
KO /GFP mice, p ϭ 0.0006). This indicates that the addition of exogenous Cxcl3 can rescue the Tis21-dependent defect of migration of GCPs also at a preneoplastic stage within lesions and, in consequence of this, reduces the area of lesions.
Tis21 is recruited to the Cxcl3 promoter and induces its activity
The above data indicate that Cxcl3 plays a central role in the migration of normal and preneoplastic GCPs and that its expres- sion is controlled by Tis21. Given that Tis21 is a transcriptional cofactor known to be recruited to the promoter of cyclin D1, Id3, and RAR-␤ (Passeri et al., 2006; Farioli-Vecchioli et al., 2007 , we sought to define whether Tis21 directly controls the transcription of Cxcl3. First, we determined the effect of Tis21 overexpression on Cxcl3 mRNA levels in primary cultures of postmitotic cerebellar granule neurons from P7 wild-type rats, infected with adenoviruses expressing either Tis21 (rat sequence) or ␤-Gal. As shown in Figure 10 , A and B, the expression of exogenous Tis21 in cerebellar granule neurons was associated with a corresponding increase of the levels of Cxcl3 mRNA, relative to control ( p ϭ 0.012; Fig. 10 B) .
We further sought to check whether the upregulation of Cxcl3 mRNA elicited in cerebellar granule neurons by overexpression of Tis21 corresponded to an induction of Cxcl3 promoter activity. Therefore, we generated the construct pGL3-Cxcl3-prom/-628, carrying the Cxcl3 promoter region upstream of the luciferase reporter gene. This construct was either cotransfected into cerebellar granule neurons together with a Tis21-expressing vector (pSCT-Tis21), or transfected in PC12 cells expressing an inducible Tis21 gene (rat sequence) under control of the tetracycline-regulatable tTA transactivator (PC12/tetoff) (Farioli-Vecchioli et al., 2009 ). Cxcl3 promoter activity was significantly induced in both cerebellar granule neurons and PC12 cells expressing Tis21, relative to the corresponding con- 
/Tis21
KO vs Ptch1
WT ). Twenty-three genes significantly differed in both comparisons (a) and (b). B, A hierarchical clustering algorithm (similarity measure, euclidean; linkage rule, centroid) was used to order the 344 genes differentially expressed in both pairwise comparisons (a) and (b). Colors indicate high expression (red) to low expression (green), corresponding to changes of normalized values relative to the median value. C, Twenty-two medulloblastoma-specific genes are involved in cell migration, differentiation, or adhesion processes. D, Eleven Tis21 knock-out-specific genes are involved in cell migration or differentiation processes. E, The differential expression of five neuronal medulloblastoma-specific genes in GCPs from the EGL at P7 or from lesions (GFP ϩ ) at 6 weeks was confirmed by real-time PCR, analyzing mRNA fold expression relative to wild-type mice (set to unity). Mean Ϯ SEM fold increases are from three independent experiments. TBP and GAPDH were used to normalize data. *p Ͻ 0.05, **p Ͻ 0.01, or ***p Ͻ 0.001, Student's t test. ϩ cellsinthe EGL and total number of cells, from 3 experiments; 3 mice per genotype were analyzed). D, RNAi knockdown of Cxcl3 in GCPs leads to inhibition of their ability to migrate (graph on the left). Purified GCPs from wild-typeP7ratcerebellaweretransfectedbyelectroporationwithsiRNAstargetingCxcl3(eithersiRNA7-Cxcl3orsiRNA6-Cxcl3)orwithacontrolsiRNA;immediatelythereafter,GCPswereseeded(6ϫ10 6 )onto 35mmdishesinrecoverymedium(withhighserum)for3h,andthentransferredintheupperpartofamodifiedBoydenchamber.After16h,theGCPsmigratingtothelowersideofthemembranewerecounted. MeancellnumberperfieldϮSEMwereobtainedfromthreeseparateexperiments,counting20fieldsperwell(atleast2wellsperexperiment).ThegraphontherightshowsthelevelsofCxcl3mRNAinthesame preparations of purified GCPs transfected for migration tests (mean Ϯ SEM fold increases; TBP was used to normalize data). **p Ͻ 0.01, ***p Ͻ 0.001, Student's t test. E, Representative confocal images of diffusehyperplasialesionsincerebellarorganotypicslicestreatedwithorwithoutCxcl3,fromPatched1heterozygous/Tis21-nullmice(Ptch1
ϩ GCPsinsidethe lesion (green), and a magnification of BrdU ϩ GCPs (red) migrating outside lesions (bordered by white broken line) in the presence or absence of Cxcl3. Scale bars: 500 or 100 m for GFP or BrdU panels, respectively.F,G,Quantificationoflesionarea(F)andpercentageofBrdU ϩ GCPsmigratedoutsidethelesion(G).SlicesobtainedfromP42miceweretreatedwithCxcl3for5dandpulse-labeledwithBrdUadded at t0 for 18 h, fixed, and immunostained with anti-BrdU antibody. Data are mean Ϯ SEM from three experiments (3 mice per genotype were analyzed). **p Ͻ 0.01 or ***p Ͻ 0.001, Student's t test. , and harvested after 24 h. The primers amplifying Tis21 (rat sequence) detected both the endogenous and exogenous mRNA. Shown are mean Ϯ SEM values are from five separate experiments. TATA-binding protein mRNA was used as endogenous control for normalization. *p Ͻ 0.05 versus control, Student's t test (performed on data normalized to the endogenous controls but not yet relativized as fold expression). C, Cxcl3 promoter activity in cerebellar granule neurons from P7 wild-type rats transfected with an expression vector for Tis21 (pSCT-Tis21) and in PC12 cells expressing inducible Tis21 (rat sequence) increased significantly, relative to the corresponding controls expressing endogenous levels of Tis21. The Cxcl3 promoter construct comprises 628 nt 5Ј to the putative transcription start, placed upstream of a luciferase reporter (construct pGL3-Cxcl3-prom/-628). TNF-␣, known inducer of Cxcl3 promoter activity, is used in PC12 cells as positive control. Luciferase activity is represented as mean Ϯ SEM fold increase from five separate experiments. *p Ͻ 0.05 versus the corresponding control without exogenous or ectopic Tis21, Student's t test. C, Parallel cultures were analyzed for Tis21 protein expression by Western blot. D, ChIP analysis of Tis21 binding to the Cxcl3 promoter and to the muscle creatine kinase promoter (MCK ) (negative control) either in cerebellar granule neurons (graph on the left), infected with adeno-Tis21 or adeno-␤-Gal as in A and B, or in GCPs (graph on the right), both isolated from P7 wild-type rats. The amount of Cxcl3 or MCK promoters present in immunoprecipitates, obtained using anti-Tis21 antibody A3H, is quantified by real-time PCR and is expressed as fold enrichment (ratio of the percentage of the Tis21-immunoprecipitated amount of Cxcl3 or MCK promoter detected in the input cell lysates to the percentage of the normal serum-immunoprecipitated amount detected in the input cell lysates). The binding of Tis21 protein to the Cxcl3 promoter (darker gray columns) significantly increases above basal levels (i.e., above the binding levels to the MCK negative control promoter) in correlation with the overexpression of Tis21 mRNA (compare also A). Shown are mean Ϯ SEM values are from five separate experiments performed with cerebellar granule neurons and from three separate (Figure legend continues.) trols (Fig. 10C,CЈ ; p ϭ 0.020 and p ϭ 0.021, respectively). The extent of induction of the Cxcl3 promoter by Tis21 in PC12 cells was comparable with that exerted by TNF-␣, which is a known inducer of the Cxcl3 promoter (Anisowicz et al., 1991) (p ϭ 0.040 vs control; Fig.  10C,CЈ) .
Next, we asked whether the Tis21-dependent increase of Cxcl3 promoter activity was related to recruitment of Tis21 to the Cxcl3 promoter. We performed ChIP experiments on primary cultures of cerebellar granule neurons and on purified GCPs, obtained from P7 wild-type rats, using the anti-Tis21 antibody A3H, as described previously (Farioli-Vecchioli et al., 2009) . The recruitment of Tis21 to the Cxcl3 promoter was significantly induced in cerebellar granule neurons infected with Tis21 virus, relative to control neurons infected with ␤-Gal virus (Fig. 10 D; p ϭ 0.02 vs column on the left). The increased association of exogenous Tis21 with the Cxcl3 promoter sequences was specific, as it was not detected with the muscle creatine kinase promoter (negative control, inactive in cerebellar granule neurons; Fig. 10 D; p ϭ 0.002 vs column on the right). We also observed a recruitment of endogenous Tis21, although below statistical significance (Fig.  10 D; column on the left). To further test whether endogenous Tis21 is recruited to the Cxcl3 promoter, we analyzed GCPs isolated from rat cerebellum; the association of Tis21 with the Cxcl3 promoter resulted significantly above the background association with the negative control promoter (threefold increase; Fig.  10 D, graph on the right; p ϭ 0.02) and was higher than that observed for endogenous Tis21 in cerebellar granule neurons. Therefore, the endogenous Tis21 protein specifically interacts with the Cxcl3 promoter.
Together, this indicates that Tis21 may induce the transcription of Cxcl3 following recruitment to its promoter.
To extend and confirm our real-time PCR data indicating that Cxcl3 is expressed like Tis21 in purified GCPs [Fig. 8 E and our microarray data (see Notes)], we sought to assess in cerebellum the cellular localization of Cxcl3 and Tis21 as well as that of the Cxcl3 receptor. Therefore, by in situ hybridization, we analyzed the expression of Cxcl3 and Tis21 mRNAs in the cerebellar layers of P7 Tis21 WT mice. We observed that Tis21 and Cxcl3 mRNAs colocalize and are very strongly expressed in GCPs within the whole EGL ( Fig. 10 E, F ) . A weaker signal appears detectable also in cerebellar granule neurons of the IGL. Moreover, Cxcr2 (i.e., the receptor of Cxcl3) (Rossi and Zlotnik, 2000) is detectable in clusters at the surface of the plasma membrane of GCPs and, to a lower extent, also in Purkinje cells and in the pial membrane (Fig.  10G) . As Cxcl3 is a secreted chemokine, this suggests that the migration of GCPs to the ML and IGL may be controlled by Cxcl3 through an autocrine loop, regulated by Tis21 expression.
Discussion
We have generated a new murine medulloblastoma model that enabled us to identify new mechanisms underlying the plasticity and neoplastic transformation of GCPs. In this model, the ablation of Tis21 strikingly enhances, from 25 to 80%, the incidence of medulloblastoma spontaneously occurring in Patched1 heterozygous mice. At the origin of the higher medulloblastoma incidence is the higher frequency with which Tis21-null GCPs become preneoplastic in early postnatal life and cluster in the EGL, to form focal and diffused hyperplastic lesions that will develop after 12 weeks of age into medulloblastomas. In GCPs lacking Tis21, we observe a remarkable delay in their migration from the EGL and also from lesions, to the neighboring molecular and internal granular layers. Such an effect is intrinsic to the GCP and is peculiar to the null mutation of Tis21-given that Patched1 heterozygosity by itself does not inhibit migration of GCPs. The migration defect of Tis21-null GCPs is quantitatively comparable with that observed in mice deprived of genes known to regulate the migration of GCPs, such as BDNF (Borghesani et al., 2002; Kokubo et al., 2009 ). Moreover, Tis21-null GCPs also show a delay of differentiation in the EGL but not in lesions. Surprisingly, no change is observed in the proliferation rate of GCPs lacking Tis21, either in the EGL or in lesions. Thus, our data indicate that Tis21 is required for migration and terminal differentiation of GCPs, while its known action as inhibitor of proliferation of GCPs, emerging upon its upregulation (Canzoniere et al., 2004; Farioli-Vecchioli et al., 2007) , appears to be redundant. In fact, it is worth noting that, in other neural and non-neural progenitor cell types, such as those of the hippocampus, subventricular zone, and muscle, or in embryo fibroblasts, the knockout of Tis21 elicits an increase of proliferation, consistently with its physiological antiproliferative activity ( 
/Tis21
KO mice, this decrease correlates (dotted line) with the enhancement of medulloblastoma frequency. The defect of migration is rescued in both genotypes by exogenous Cxcl3, which, in Ptch1
KO mice, reduces the area of cerebellar lesions (C). The dashed line on the left indicates no effect on proliferation relative to controls.
gests that, in cerebellar progenitor cells, other genes might contribute redundantly with Tis21 to maintain the tightly regulated control of proliferation.
It has been shown that GCPs proliferate when they are exposed to the microenvironment of the EGL proliferative niche and exit the cell cycle as a result of migrating away from this environment (Choi et al., 2005) . Thus, differentiation and migration are correlated as differentiation can occur only after GCPs have migrated outside the proliferative EGL region, under control of Shh, a strong mitogen produced by Purkinje cells (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999; Lewis et al., 2004; Choi et al., 2005) . The delay in migration, detectable in Tis21-null GCPs, either Patched1 wildtype or heterozygous, causes their prolonged permanence in the EGL and thus exposure to the proliferative action of Shh. We hypothesize that this may result in the higher frequency of lesions and higher incidence of medulloblastomas observed in the double-mutant genotype (Ptch1
KO ). It appears that, in Ptch1 ϩ / Ϫ
KO double-mutant mice, tumorigenesis follows two steps: (1) at 2 weeks, when the EGL is still present (i.e., since the initial postnatal stages), the percentage of double-mutant mice with lesions as well as the number of lesions per cerebellum increases significantly, with respect to Ptch1 ϩ / Ϫ
WT ; (2) at 12 weeks of age, the percentage of Ptch1
WT mice with lesions has decreased, while that of double-mutant mice remains high. In addition, the percentage of mice with lesions at 12 weeks of age exactly matches that of mice developing medulloblastoma. Overall, this suggests that the ablation of Tis21 in Patched1 heterozygous mice, by causing from the early postnatal period a lengthened exposure of GCPs in the EGL area to the transforming effect exerted by Shh, may favor their preneoplastic transformation and an additional burst of tumorigenesis after 12-15 weeks of age. This latter would result in a delayed attainment of the plateau in the medulloblastoma incidence curve, which may also explain the longer average latency of medulloblastoma onset in double mice. We cannot exclude, however, that a component of the longer latency may be a reduced diffusion of tumor GCPs and thus a reduced tumor expansion.
Our data indicated that, in Tis21-null mice, no change occurs in the expression of genes of known pathways regulating migration of cerebellar neurons, such as BDNF/TrkB (Borghesani et al., 2002; Kokubo et al., 2009 ), astrotactin1/astrotactin2 (Wilson et al., 2010 , and neuregulin/Erb4 (Rio et al., 1997) . However, a genome-wide expression analysis by microarray of GCPs isolated from mice at P7, followed by real-time PCR expression analysis, showed that in double-mutant mice several other genes involved in neuronal cell migration presented a highly decreased mRNA expression, namely, the chemokine Cxcl3, ephrin4A (Wilkinson, 2001) , and Jmy, a transcriptional coactivator of p53 that regulates cell motility (Coutts et al., 2009; Zuchero et al., 2009 ). In particular, we noticed Cxcl3, as it presented a strong decrease of expression in GCPs, and even more strikingly in pGCPs of lesions in double-mutant Patched1 heterozygous/ Tis21-null mice, compared with Patched1 heterozygous/Tis21 wild-type mice. Chemokines have been described to regulate cell migration in leukocytes and in several other cell types (de Haas et al., 2007) . More recently, a number of chemokines have been shown to be expressed in neurons, where they may play a role in development, synaptic transmission, and neuroinflammation (Bertollini et al., 2006; Charo and Ransohoff, 2006; Ubogu et al., 2006) . Cxcl2, a chemokine closely related to Cxcl3 as it shares the same sequence of four conserved cysteines in the N-terminal region (Rossi and Zlotnik, 2000) , is expressed in cerebellar granule neurons (Yabe et al., 2004) . Interestingly, the genetic ablation of CXCR4, the receptor of the Cxcl12 chemokine, has been shown to cause a defect of migration of cerebellar granule cells (Ma et al., 1998) . Our demonstration that Cxcl3 rescues the defect of migration of GCPs of double-mutant mice, without affecting their differentiation or proliferation, points to Cxcl3 as responsible for this defect. Indeed, the reduced migration observed in isolated GCPs silenced for Cxcl3 expression, suggests a cell-autonomous role of Cxcl3 in this process. Furthermore, a causal role in tumorigenesis for Cxcl3 is strongly suggested for the first time by our observation that exogenous Cxcl3 reduces the extension of diffused lesions, which are formed by pGCPs and represent a stage contiguous to the full-blown tumor. As Cxcl3 reduces the area of lesions by inducing the migration of pGCPs outside lesions, we can speculate that this migration-promoting action of Cxcl3 may induce pGCP to exit from the neoplastic program. Moreover, we observe that the transcription of Cxcl3 is directly controlled by Tis21 in GCPs, where, after secretion, Cxcl3 can activate its receptor.
Together, these findings support our hypothesis of a migration defect as the cause of the enhancement of medulloblastoma tumorigenesis following Tis21 ablation. By microarray analysis, we also identified a chemokine, Cxcl12, whose levels increase in the EGL of Tis21-null mutant mice. As Cxcl12 seems to exert an action opposite to Cxcl3, since it promotes the localization of GCPs to the EGL by chemoattraction (Klein et al., 2001) , it is also possible that the decrease of Cxcl3 in GCPs prevents their migration outside the EGL in synergy with Cxcl12.
Interestingly, in line with our data, another example of a genetic defect of GCPs migration leading to increase of medulloblastoma frequency has been very recently reported, represented by Patched1 heterozygous mice knock-out for nitric oxide synthase (Haag et al., 2012) .
Thus, Tis21, by controlling chemokine levels in GCPs, can play a key role in the control of their migration (Fig. 11, model) . Importantly, the expression of Tis21 has been demonstrated to decrease in human medulloblastomas, in particular those of the desmoplastic subtype, and also in medulloblastomas of Patched1 heterozygous mice (Farioli-Vecchioli et al., 2007) . Hence, this new Tis21/Patched1 medulloblastoma model displaying defective GCPs migration, as well as altered expression of several genes identified here, may highlight novel features of the physiopathological conditions occurring in human medulloblastoma. While it is possible that other genes identified here may concur to the defective migration of GCPs and increased lesion formation caused by ablation of Tis21, Cxcl3, being able to rescue this complex Tis21-dependent defective phenotype, might be investigated as a new target for medulloblastoma therapy.
Notes
Supplemental material for this article is available at http://www.inmm. cnr.it/tirone/JNsuppl.zip. The supplemental material includes supplemental Figure S1 , Bergmann glia.tif, Bergmann's glia analysis in Tis21 WT and knock-out mice, either in Patched1 heterozygous or wild-type background; supplemental Figure S2 , small.tif, which shows that RNAi knockdown of Cxcl3 in cerebellar slices inhibits the ability of GCPs to migrate out of EGL, indicating a cell-autonomous action of Cxcl3; and Farioli-Vecchioli_Table S1_.xls, the original microarray data. Table S1 has not been peer reviewed.
